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ABSTRACT

The presence of narrow high-temperature emission lines from nitrogen-rich

gas close to SN 1987A has been a principal observational constraint on the

evolutionary status of the supernova's progenitor. A new analysis of the complete

five-year set of low and high resolution IUE ultraviolet spectra of SN 19S7A

(1987.2-1992.3) provide fluxes for the N VA1240. N IVJ,\1486. He IIA1640.

O III],\166.5. N III] _1751. and C III] A1908 lines with significantly red,Jced

random and systematic errors and reveals significant short-term fluctuations in

the light curves. The N V. N IVY. and N III] lines turn on sequentially over 15 to

20 days and show a progression from high to low ionization potential, implyin_

an ionization gradient in the emitting region. "['he line emission turns on

suddenly at 83 -+-4 days after the explosion, as defined by N IV]. The N III] line

reaches peak luminosity at 399± 15 days. A ring radius of (6.24+ 0.20i × 10 _r cm

and inclination of 41°.0 ± :3°.9 is derived from these times, assuming a circular

ring. the probable role of resonant scattering in the N V light curve introduces
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systematic errors that leads us to exclude this line from the timing analvsis. A

new nebular analvsis yields improved C, O abundance ratios of N/C= 6.1 a_ 1.1

and N/O= 1.7 + 0.5. confirming the nitrogen enrichment found in our previous

paper. From the late-time behavior of the light curv,__s we find that the emission

originates from progressively lower density gas and that the emitting region

has a multi-component density structure. We estimate the emitting mass near

maximum (,-, 400 days) to be --- 4.7 x 10-2_,/,_,, assuming a filling factor of unity

and an electron density of 2.6 x 104 cm -3. These results are discussed in the

context of current models for the emission and hydrodynamics of the ring.

Subject headings: Stars: Cireumstellar Material -- Supernovae: General --

Supernovae: Individual(SN 1987A) -- ['ttraviolet" Spectra -- ,Methods: Data
Analysis

1. INTRODUCTION

Narrow emission lines from SN 1987A were first seen with the Interr_ational ('ltr'ariolet

Ezplorer (I(,E) satellite in 1987 May (Fransson et al. 1989, hereafter Paper I/. fhe

lines detected were N V A_1239, 1243. N IX'] A1486, He IIA1640. O III] tA1661, 1667,

N lII] AA1747-1754, and (2' III] AA1907, 1909. The absence of the usually strong Si IX ,\1400

and C IX" A1550 resonance lines can be attributed to absorption of these transition:-: by

the same ions in hot interstellar gas in the LMC. The presence of N V in the SN 1987A

spectra, on the other hand, is in fact an indication that there is a negligible (:olunm density

of interstellar N V in the LMC. A remarkable feature of the early observations of SN 1987A

was that the N III]. N V, and C III] lines increased in flux linearly with time. The He II,

N IV], and O III] lines were weak and it "as difficuh to sav anything conclusive about their

light curves. The increase in the fluxes stopped just after the last observations discussed

in Paper I. --, 400 days after explosion. Subsequent observations showed that the C llI],

N III]. and N V lines reached a maximum _ 40,5 days after the explosion (Sonneborn et al.

1988). After this epoch the observations reported in this paper show a steady decay of the

iines. Earlier versions of the H'E emissien line light curves, but not the new nleasurements

discussed in this paper, have been presented by us in several papers (Sonneborn et al. 1990:

Panagia et al. 1991: Sonneborn 1991 _,and an independent analysis by Sanz Ferngndez de

Cdrdoba {1993). Preliminary versions of some of the new light curves have been showxl by

Fransson & Sonneborn (1994) and Plait et al. (1995). In a complementary paper to this one.

Pun et al. (1995) analyzed the I,'V spectrophotometric evolution of the SN 1987A debris

from day 1.6 to 1.567 in IUE spectra covering 1150-:3300A. They found good agreement
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with UV continuumobservationsof SN1987Awith Hubble Space Telescope (HST) and

ground-based photometry where they overlap.

The presence and temporal development of these highly ionized lines have been

explained as a result of recombination, cooling and light echo effects (Lundqvist & Fransson

1987: Chevalier 1988: Paper I; Lundqvist &- Fransson 1991, henceforth LF91). The initial

pulse of soft X-rays accompanying the breakout of the shock wave ionizes the circumstellar

gas expelled by the progenitor star. As the outburst evolves an increasingly large ,'olume

of the ionized gas becomes visible because of light travel-time effects. If the recombination

time is long compared to the epoch of observation, the observed flux is expected to grow in

proportion to the emitting volume within the light echo paraboloid. For a non-recombining

ion emitting at constant temperature this leads to a flux increasing monotonically witl'l time,

until the whole structure is within the light echo paraboloid. In reality, the temperature

and ionization decrease with time. causing the evolution to become highly complicated.

Detailed modelling of the early line emission showed that the peak radiation temperature at

the time of the breakout was between 4 × I0 _ K and 8 × 10s K (Fransson ,t,- Lundqvist I.)89:

I,undqvist 1991 ). A subsequent analysis, taking the ring geometry into account, resulted in

a peak radiation temperature in excess of 10SK (Lundqvist & Fransson 1996, henceforth

LF96). These emission line observations therefore provide important information about the

first moments of the supernova explosion.

Another important piece of information was the large nitrogen enrichrnent derived

from the emission line ratios, primarily the N III]/C IIl] and N III]/O III}. Abundance

ratios of N/C = 7.8 -4-4 and N/O = 1.6 -t- 0.8, by number, found in Paper I strongly sugges_

CNO enriched gas. This has proven to be one of the main observational constraints on

the progenitor evolution (e.g.. Saio. Nomoto. & Kato 1988: Wooslev 1988: Weiss 1991:

Podsiadlowski 1992). implying that the progenitor was in a post He-core burning phase at

th(, time of the explosion.

After the discovery of the I'V emission lines, clrcumstellar emission has also been

observed at other wavelengths. In the optical a large number of lines from both medium

ionized species and low ionization ions have been detected IAllen. Meikle, ,k: Spyromilio

1989: Wampler & tlichichi 1989: Wampler, Richichi. & Baade ' o,,(,tJo_: Crotts&; t<unkel 1991

Kahn & Duerbeck 1991: Meikle el al. 1991: Menzies 1991' Wang 1991: Cumming 19.94'1.

Extended loop-like structures surrounding SN 1987A were first imaged in tl(,+ N II] and
X '!O Ill]emission bv Crotts. Kunkel. & , Ic(arthv (1989). Even in these early images of the

inner emission region appeared to be a hollow oval. These structures were also seerl irl

optical continuum, indicating the presence of time-delayed retteclions hv dust. Imaging

with the New Technology Telescope resolved the inner emi,_sion region of radius _ 1" :and
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several outer structures (Wampler et al. 1990: Wang ,k Wampler 1992). HST images

in [O III] A)_4959, 5007 (Jakobsen et al. 1991. 1994: Plait et al. i995) revealed the now

well-known thin ring geometry of the inner region, rather than a spherical shell as had been

previously hypothesized. Further HST observations showed that the outer structures are

concentrated mainly to two off-center rings, which extend --- -_'5 tc the north and south

of tile supernova (Burrows et al. 1995). Crotts, Kunkel. & Heathcote (1995) show that

the toroidal geometry extends also to regions of the circumstellar medium exterior to the

ring, and that there may be some connection between the inner and outer rings. _[hev

also find that the inner ring is circular to a high degree of accuracy. In addition to the

geometry, the dynamics and origin of the inner ring is severely constrained bv the emission

line widths. In Paper I we showed that the C III]AA1907, 1909 lines were very narrow

(FWHM < .30 km s-1) and unshifted with respect to the LMC ISM toward the supernova

(r = 285 + 6 km s-l). Crotts & Heathcote (1991) and Cumming et al. t1996) found that

the ring expands with a velocity of 10.3 + 0.4 km s-j. They. as well as \Vood &" Faulkner

(1987) and Meikle et al. (1991). also find a velocity gradient over the nebula, which is a

strong indication of a ring geometry rather than a spherical shell.

Prompt radio emission from SN 1987A. the result of shock interaction witli the

progenitor's stellar wind close to the photosphere, was observed during tke first few da\s

after explosion (Turtle et al. 1987). This emission decayed away after the first week.

However. around day 1200 there was a revival of the radio emission and a steady increase

in the flux was observed (Stavcley-Smith et al. 1992. 199:3) which continued through

day 2750 (Ball et al. 199.5). Chevalier (1992) and Duffy. Ball. & Kirk (1995) attribute

the resurgence of the radio emission from SN 1987A to the interaction of the supernova

ejecta with the density enhancement expected at the position of the termination shock in

the blue supergiant wind of the progenitor. Further evidence of circumstellar interaction

is the increasing late-time X-ray emission observed by ROSAI (Beuermann, Brandt, &"

Pietsch 1994: Gorenstein. Hughes. _" Tucker 1994: Hasinger. Aschenbach, & Tr(imper 1996 I.

Chevalier & Dwarkadas {1995) point out that the density of the shocked blue supergiant

wind is insufficient to explain the late radio and X-ray 0u\, 's. as well as the apparent

_lowing down of the supernova shock (Stavel,w-Smith eta' ,993). They propose that the

supernova shock is now moving into the denser (n_ -,- 102 cm -3) shocked red supergiant

wind which was ionized by the progenitor.

In this paper we discuss the complete set of !,'V emission lines in S.N 19S7:\ derived

from H'E low and high dispersion SWP spectra from the explosion up to 1992 April 20

(day 1882). A new method of analysis has allowed us to reduce systematic and randonl

errors in the line measurements compared to Paper I and the light curves of Panagia et al.

(1991) and Sanz Fern_indez de ('6rdoba (1993). "rhe ovolution of the line fluxes, l_,ading to



timesfor turn-on and maximumof the lineemission,enableus to determinethe absolute
dimensionsof the emitting gasindependentof the imagingobservations.The implications
of theseresultsin connectionwith ground-basedand lIST observations are discussed. In

§2 we discuss the observations, in §3 the measurements of the line fluxes, and in §4 the

main observational results are given. The paper concludes with a discussion (§5) of ring

geometry, abundances, density, emitting mass, and comparison with existing ring models in
light cff the observational data.

2. OBSERVATIONS

The ultraviolet spectra presented in this paper were obtained with the I('E S\VP

camera between 1987 March 14 and 1992 April 20. All spectra were taken in tile 10" × 20"

short wavelength large aperture (SWLA). the minor axis of which is approximately parallel

with the spectrograph's dispersion direction. The unique characteristics of the S.X 1987A

field demanded special care during the acquisition process to ensure accurate target

centering in the SWLA. as discussed below. The observations were carried our a: both

IUE Observatories. located at NASA/Goddard Space [:light ('enter and ESA's \'illafranca

ground station (VILSPA). The SWP image number, time of observation, and exposure

duration for each low dispersion spectrum are listed in "fable 1. The observation date refers

to the starting time of the exposure, expressed in days after outburst. The outburst time is

assumed to be that of the IMB neutrino detection (1987 February 23.316 IT. Bionta et al.

1987).

lwentv SWP high dispersion spectra of SN 1987A were obtained during the IV

emission line phase (7.5 < t < 1800) days. These observations and their anahsis are

discussed below in §4.4.

Following the rapid decrease of the supernova's ('V flux short,vard of 2000 A in the

first week of the outburst, the continua of two early-type stars apIceared in S\V[.A spectra

of SN 1987A (Kirshner et al. 1987). The identification of the progenitor hinged on (lose

scrutiny of these two previously unknown stars in the LMC locate(i within arc seconds of

the supernova's position. Analysis of their spatial separation in S\VP low-dispersion spectra

taken several weeks after outburst showed that Sk -69 ° 202 had disappeared iGilmozzi et

at. 1987: Sonneborn. Ahner, & Kirshner ]987). _Ihese same two stars, referred to as star

2 and star 3, after their position in the tabulation of West et al. (1987). havedorninate,t

I'V flux in SWP large aperture exposures of SN 19S7.-\ _ince 19,_7 .March. S*ars 2 a_l,i 3 are

offset from SN 1987A by ")''9l (p.a. 318°} and 1'.'6:1 (p.a. [1S°), respectiveh', as measured

in recent fiST WFPC2 images (Romaniello, 1996. private comnmnication. Ihese updated
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positionsarewithin the measurementerrorsof Walbornet al. (1987).

Several known sources contribute to the observed spectrum in the IUE large aperture

exposures taken at the position of SN 1987A. In addition to the supernova, there is the

emission from circumstellar material (the subject of this paper), the continua of stars 2 and

3, and a very' faint star located about 9" from SN 1987A which enters the end of the SWLA

every six months when the aperture has the appropriate orientation. These contributions

were taken into account in the measurement of emission line strengths. Stars 2 and 3 are

the most important secondary sources for purposes of this paper.

The shape of emission lines and supernova continuum are affected by the detailed

structure of the combined stellar spectra. Correcting the observed SWP spectrum requires

more than the subtraction of a stellar background spectrum. By virtue of its location

near the south ecliptic pole. the LMC is observable ,365 days per year and the position

angle o_"the [UE large aperture changes by about one degree per day. As the orientation

of the SWLA rotates on the skv during the vear. the projection of stars 2 and 3 on to

the spectrograph dispersion axis also varies. Stars 2 and 3 appear to rotate about the

supernova's position (relative to the aperture) and their projection onto the directi(m of

spectral dispersion has a 365-dav periodicity. The spatial separation (4"5) corresponds

to _ 1200 km s -1 (rv7 A) when the stars are aligned parallel to the dispersion direction.

The principal spectral features in the stellar spectra shift in wavelength because slar 2

contributes about 70_,_ of their combined flux below 2000 3_.

Accurate centering of the supernova in the SWLA was necessary in order t_ obtain

reliable emission line light curves. During the time interval spanning the observations,

SN 1987A covered over 13 magnitudes of visual brightness. The ll/E Fine Error Sensor

(FES) was used to acquire the supernova, providing position measurements of its center of

light from day 1 (V,-, 4.5). through visual maximum (day 86, \,-- 3.0), and up to day -,_ 885

(\'--_ 13.4). After that time the supernova was acquired as a blind offset from the nearby

star Sk -69 ° 203. 1:38':5 almost due N of SN 1987A (p.a.=_631. The coordinates (B1950.0}

used for the blind offset maneuver are a = 0,_h35 m 4_.8. _ = -69°15'3_.'4 for Sk -69 ° 203

and a = 05h35 m 50s..0, c_= -69°17'58'/0 for SN 1987A. The offset maneuver was tested and

calibrated between days 700 and 850 when SN 1987A was still bright enough (12 _ I" _ 13)

to directly acquire it with the FES. The measured maneuvm .rs on these occasions were

+1 FES unit in each axis, or :1:0'/3 total pointing error on the plane of the sky. \Ve therefor(,

believe that there were negligible differences in aperture centering over the fiv_, years of the

observations which might affect the emission line spectrophotometry.



3. DATA ANALYSIS

The procedures used to measure the emission line strengths in low dispersion spectra

are described in this Section. All line fluxes were measured relative to the net supernova

spectrum, that is the observed spectrum with the contribution of stars 2 and :3 subtracted.

This procedure, which in principle is the same as used in Paper I, assumes that the relative

contributions of stars 2 and 3 to the observed spectrum are constant. This will be true in

general provided that the supernova is centered in the SWLA so that both stars are also in

the aperture and that the stars themselves are not highly variable in the ultraviolet. 1his

last point is addressed in §4.1. The principal steps in this process are outlined below.

3.1. SPATIALLY RESOLVED SPECTRAL DATA

Our analysis uses the spatially" resolved spectra from the extended line--b\'--line (EI, BI, t

data files produced bv the standard IUESIPS processing (Turnrose & l-hompson 19_-l, as

updated by Munoz Piero 1985 for ELBL processipg). The ELBL file is a two-dimensional

spect:al image extracted from the IUE photometrically corrected image along lines of

constant wavelength. For the S\VP camera it contains about 700 points ix, the wavelength

domain IllS0 1980:k, -_ 1.2.;\/pixel) and 110 points in the spatial dimension (0J.'68 per

linear pixel).

Specialized interactive software was written to correct E[,BL pixels corrupted t_\"

energetic particle hits and bright spots. For each image the area inside tke extraction slit

and in the background areas were inspected for bright spots and cosmic tar effects. When

found in the background extraction slit, corrupted pixels were replaced with with data

values corresponding to the average of immediately adjacent pixels. Extreme care was

exercised wh-,.r, correcting bright spots close to the spectrum. Within the extraction slit

bright spots were replaced with the average of part of a single row of pixels tparallel to the

dispersion) at the same distance above or below the dispersion line.

The spectrum was extracted from the corrected image using a rectaagular extraction

slit, similar to the standard IITESIPS extraction procedure described bv l'urnrose &

Thompson (1984). The spatial height of the rectangular spectral extraction slit for tt:e SN

1987A spectrum was 2-t lines i16"). For comparison, the IITESIPS standard slit heights

are 1S and 30 lines for point source and exter_ded source extractions, respecliveiv. l-he

extraction slit height of 24 lines was chosen to include the wings of the point spread function

of stars 2 and 3 at their maximum spatial separation in the spectrograph format, i.,,., whc_

their position angle was perpendicular to the dispersion direction. l'he customize,1 slit
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heightminimizesthe backgroundcontributionto the extractedspectrum.The standard
point sourceextractionslit is too shortwhile thestandardextendedsourceextraction slit
is longerthan necessary.Useof a slit-weightedextractiontechnique,suchas "optimal'

(Kinney et al. 1991) was not used because of the variable, non-point-source nature of these

spectra.

The extracted spectra were corrected for two calibration changes. First. a secular

shift in the wavelength scale between 1984 and 1988. and second the long-term decline in

SWP sensitivity. Starting in 1984 a systematic error developed in the SWP low dispersion

wavelength scale and grew linearly with time. The error resulted from a slow divergence

of true dispersion relation from the extrapolation of the mean time-dependent dispersion

constants. New dispersion constants were implemented in II'ESIPS in 1988 April at

GSFC and 1988 September at Vilspa (Thompson 1988). The SWP low dispersion spectra

processed between 1987 February and 1988 September contained an error in the wavelength

calibration amounting to ,-, 2.5 .&. Thompson (1988) provided an algorithm to lit the

time-dependent error in the wavelength scale. This relation was used to correct all S\VP

low dispersion spectra of SN 1987A effected by this calibration change.

Long-term changes in the sensitivity of the IUE instrument were compensated for by

using the correction scheme of Garhart (1992a). Between 1225 and 2000 A the S\VP low

dispersion sensitivity has decreased linearly since 1979.5 at wavelength-dependent rates of

-0.2 c} to -1.2_ .per year. The Garhart sensitivity correction method gives results similar

to Bohlin & Grillmair (1986) for the period in which they overlap. The extracted fluxes

were also corrected for the temperature dependence of the S\VP camera response (-0.5_

per °C, Garhart 1992b). Finally. the spectral fluxes were placed on the H'E absolute flux

scale using the 1980 absolute calibration (Bohlin & Holm 1980).

3.2. REFERENCE SPECTRUM OF STARS 2 AND 3

There was a period of a few weeks in 1987 when the SWP large aperture spectrum

of SN 1987A was due almost entireh" to stars 2 and 3. This occurred between mid-March

and early April. before the emission lines appeared. The SWP large aperture spectra taken

during this period were examined to determine which ones could be combitled to form a

reference spectrum of stars 2 and 3 . Criteria included no overexposure, good signal-to-noise

at wavelengths shortward of 1500 A (i.e.. t_xp g 160rain), and no apparent signal from

SN 1987A. particularly" longward of 1800 ]\. Three spectra were selected: S\\P :1fl592

(day 27.3. t_p = 300 min), S\VP 30637 (day 33. l. t_ v = 185 rain), and S\VP 30743 (day

44.2, t_,_ = 225 min). These spectra were reduced in the same manner described in !i3.1.
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SWP30637and 30743wereregisteredin wavelengthwith respectto SWP30592by ('ross
correlation. The meanspectrumis the averageof the threeweightedby the individual
exposuretimes. The resultingSWPspectrumof stars2 and 3 is shownin Figurel. This
spectrumis similar, thoughnot identical,to that usedby Punet a]. (1995)for their study
the UV continuumpropertiesof the S.X1987Aoutburst,.They derivedtheir star 2 and
3 UV spectrumby averaginglate-time IUE spectra (1300 < t < 1500 days), when the

emission lines were extremely weak, in order to recover the UV spectrum of the supernova

early in the outburst. In contrast, we use early-time spectra for stars 2 and 3, before the

emission lines appear, so that we can follow the decline of the emission lines at late times.

Our spectrum of stars :2 and 3 is in good agreement with the FOS spectrum of star :2 (Fig ]

of Scuderi et al. 1996). given the differences in spectral resolution and calibration betwee_l

the two instruments. Star ?, contributes _-70c7( of the flux in this wavelength region.

3.3. BACKGROUND STAR SUBTRACTION

Subtraction of the reference spectrum of stars 2 and 3 from the observed spectrun_

requires that the two wavelength scales be registered to correct for any offset. Such a

wavelength shift could be due to either an offset in the center of light from the cenler of th(,

SWLA or a shift in the spectral features of stars 2 and 3 in the observed spectrum. In the

case of the former, a 1"0 pointing error in the dispersion direction corresponds to a spectral

shift of -,- 300 km s -1. or ,-- 1.6 ,_. The wavelength shift required to properly align stars

2 and :3 with the observed spectrum was computed with an interactive cross-correlation

program from the NASA/GSFC ll'E Data Analysis Center software library,

Figure 2 shows two SWP spectra, with aperture position angles differing by 156 °

The shifts in the observed spectra, relative to the reference spectrum of stars 2 and 3.

are evident, as is the difference in the widths in the strong stellar lines. Relative to the

reference spectrum, the spectra are shifted by -469 and +243 km s-_. as determined by

the cross-correlation analysis. Figure 3 shows the wavelength registration shifts for the

SN 1987ASWP data set (Table 1). There is a --- 1 year periodicity in the data. indicatin_

that the position of stars 2 and 3 relative to the spectrograph-aperture geometry is a

major source of this variation. Within about ±0"5 ¢--- +150 km s -_) the wavelength

registration shifts are dominated by target acquisition and pointing errors. Itw net

spectrum is computed by subtracting stars 2 and 3 from each observed speclrum after

shifting the spectrum of stars 2 and 3 by the amount determined by the cross correlation

and interpolating it to the wavelength scale of the observed spectrum.
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4. EMISSION LINE RESULTS

4.1. FLUXES AND LIGHT CURVES

The flux in each emission line was measured in the net spectrum where local continuum

determination is simplified for most of the emissiotl lines of interest. "File subtraction of

stars 2 and 3 removes strong stellar and interstellar absorption features, including Si II

,k1260, Si III A1300, C IIA1335, and A1 III A1670. The wavelengths defining the center

and red and blue edges of each line in each spectrum were determined interactively. After

subtracting stars 2 and 3 the local continuum was assumed to be flat. except where the

SN UV flux is strong. The latter is confined to ,_ _ 1700 .._ and t G 700 days. The lin(

strength was integrated by a trapezoid algorithm. An example is shown in Figure -t where

the observed and net spectra near the N V line in SWP 36801 (day 894) are shown on the

same flux scale. The N V line is easily distinguished in the net spectrum.

Table 1 contains the fluxes for the N V _1240, ,X"IX] _I486. He II ,\1640. O llI] _\166a,

N III]A1750. and C III]M908 lines measured in 119 spectra taken on 106 dates, ihe

1225 - 1980 ]\ history of SN 1987A between days 85 and 1820 is shown in Figure 5 where

the observed net fluxes have been averaged into nine time intervals. The development of

the six emission lines is clearly seen. In addition to these emission lines, other features at(,

evident in the net spectra. The supernova continuum longward of 1700 A is prominent

until day --- 700 (see also Pun et a!, 1995). There are additional features which rise and

fall in the same time period between t280 and 1540 .-_. Of particular interest is the narrow

feature at 1400 ._, which we tentatively identify with O IV] _1397-1,107. Although we have

no identifications for the other features in the spectra, thex are beliexed to be part of _he

Fe II blanketed continuum of the supernova. The formation of such "'pseudo-emission'"

features in the early spectra of SN 1987A is discussed by Cassatella et al. (1987) and Lucy

(1987) and at late times by Fransson (1994) and Li & McCray (1996). Local maxima occur

where line blocking is less important and the photons can escape, i.e., at wavelengths where

there are gaps in the list of strong lines. Similar pseudo-emission features occur in classical

novae. Hauschildt et al. (1994) modelled and discussed the formation and evolution of

these features in Nova Cygni 1992.

The resulting light curves for the N V. N IV], HeII. O IIl]. N IlI]. and (' llI] lines

are shown in Figure 6. The light curves show the observed line fluxes, without correction

for interstellar extinction (see §5.2). It was sometimes difficult to determine the continuum

level at the base of the C Ill] emission line. even after subtracting stars 2 and 3, because

of the UV flux from the supernova debris increased in this region of the spectrum Isee

Fig. 5). A check of the accuracy of the low dispersion C lll] flux measurements was nlad¢,
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by comparingthemwith C III] fluxesfrom highresolutionobservationswherecontinuum
determinationrelativeto the narrowemissionis mucheasier.Tile highdispersiondata
for $N 1987Aarediscussedbelow(§4.4)and the correspondingC lII] fluxesalsoshown
in Figure6d. The goodagreementbetweentheseindependentmeasurements,wollwithin
the scatterof the low resolutiondata. illustratesthe overallaccuracyof the continuum
determination.The new emission line light curves are clearly superior to Those published

previously (Paper I. Sonneborn et al. 1990. Panagia et al. 1991. and Sanz Ferneindez de

Cdrdoba (1993) and may effect results derived from them. for example Gourd (199-1. 1995).

The size of the IUE large aperture prompts us to consider the degree to which emission

from the outer rings might contribute to the UV light curves, particularly at earl, times

(say. t < 600 days). If one adopts the geometry suggested by Burroa's et al. (199.5) the

rising branch of the light curve of the southern outer ring (SOR) should extend from

about one month after explosion to about three years later, whereas the northern outer

ring (NOR) should have become visible about two years after outburst. In this geometry

the NOR would not have been entirely visible in the earliest images ,Crotls. Kunkei. _\-"

McCarthy 1989) but may have been "'complete" by late 19S9 in the ESO iruages !\\'ampler

et al. 1990). The IjV light curves do show a weak secondary ma>:imum around 1000

days. consistent with the epoch when both outer rings would have reached , heir maximum

emission (Panagia et al. 1996. in preparationl. Therefore. emission from tt:e NOR would

not contribute to the early IUK observations, and emission from the SOft would have

contributed less than 1/:3 of its total strength. Present day hr.5'Y imaging shows that tile

NOR. the SOR and the inner ring have comparable total emission in optical lines. However.

the average density in the inner ring is higher than that in the outer rings so the time decay

of the inner ring emission would be faster than that of the outer rings. A_ a consequence.

the total emission of the inner ring at the time of its maximum must hay0. :;een considerabh

higher than that of the outer rings combined. In fact. ESO observations around the time t_f

the tentative secondary maximum show that the outer rings contribute less than 10rT, of the

total [O III}emission (J. Wampler & L. \Vang 1992. private communication!. \Ve therefore

believe that the contribution of the outer rings to the /(-g emission line lighl curves is
negligible.

Figure 4 shrews that the subtraction of stars :2 and :1 is not perh_(t. I)ue to fixed-pattern

and other small-scale noise, the scatter in the net sprctrum near the emission line limits lhe

accuracy of continuum subtraction, and hence the significance of short-term fluctuatiorlS ii1

the emission line light curves, lhe accuracy ofth(,(-ontinmml sut,tracti(_n is quantitied t,x

the parameter /, K.. thelocal continuum residual (Eqn. 1). which i_h_'differet,c,.betweell

the net spectrum and the adopted Iota, continuum, averaged over a t)an(tpass ,omparai)!e
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to the width of theemissionline,

1 _.__Fc- )_2 - ),1 , (F,_,(_)- F_oc_(A)) dA. (1)

_/v, was measured near the N V line because the adjacent continua of stars 2 and 3 have

strong stellar and interstellar features, which if not subtracted accurately will add significant

and erroneous structure to the net spectrum. Perfect continuum subtraction would yield

_5F_ = 0. 8F= was computed in a bandpass centered at 1262 .3_with a full width of 10 A.

the characteristic width of the N V emission line at zero intensity. Figure 7 shows the N V

light curve (same data as Fig. 6a) and/_/:). The error bar +_r = 1.8"2 × 10 -14 erg cm -e s -l

corresponds to the measurement uncertainty of individual data points for the six emission

lines, indicating that the continuum subtraction procedure works welI over the entire 5-year

span of the data set.

The accuracy of the continuum subtraction is insensitive to the known variability of

the two stars. First. a change in the continuum flux results in a vertical shift of the net

spectrum. The continuum in the net spectrum is constant (i.e. h,,rizontal in Fig. -t_. excep_

in the presence of the strong SN continuum, so that the emission line is measured relative to

this shifted continuum leveh Second. it is now well established that only star 3. a Be star.

shows anv significant variability. \Valborn et al. (199:1) showed that star 3 has photometric

variability ranging from +0.1.5 mag in ( to m0.3 inag in R and I. Since star 3 contributes

only --_ 30_ of the ITV flux. this level of variability is within the measured "'alue of _r.

The measurement uncertainty of the line fluxes implies that the significant short-term

fluctuations in the light curves are astrophysical in origin, and are not instrumental effects.

The increased scatter in the N V and N III' light curves between day 900 and 1100. in the

N IV] line before day 400, and the large values of N III 1 and N V near maximum are actual

fluctuations in the emission Iine fluxes. We find no evidence that these spectra are affected

bv cosmic ray hits or other spurious effects and conclude that the fluctuations are real. The

largest N V flux point (day 485) remains suspect, however, as it occurs significantly after

maximum brightness and there is no related response in the other lines.

4.2. EMISSION LINE MAXIMUM

The times when the hines first appear and when they reach maximum brightness are

two important light curve parameters used to estimate the size and inclination of the rin_.

With a circular ring geometry the emission lines are expected to appear suddenly as the

light echo paraboloid makes first cot "act with the rin_ (Dwek,k" Felten 19921. In _enerai.

the highest ionization stage available ,-hould b_' used to measure these parameters.
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It is evidentfrom Figure6 that the six UV linesreachmaximumat approximately
the sametime. However.onh"the N V and N III] lineshavelargefluxesand well-defined
maxima necessaryfor a morequantitativeanalysis. -[he actual timesof maximaare

NIII .VV
tm_:_ = 399 ± 1.5 and t,_,_ = 429 + 19 days (418 ± 12 davs if tile high data point at day 4S5

is excluded), as determined by high-order polynomial fits to the light curves. Comparison

of the N V and N III] in Figure $ shows that while their post-maximum decline is very

similar, the light curves before maximum have significant differences. Figure $ shows a

large deficiency of N V relative to N III] between 150 and 400 days and that N V peaks

about three weeks after N III].

The N V A1240 emission from the far side of the ring may be delayed by 1 2 weeks by

resonance scattering in the ring and the bipolar nebula, as cliscussed by LF96. However. to

obtain an even longer delay, and thus later t xv like the one observed, additional resonance
rrz a,.r"

scattering is needed. The most likeh" source is in the H Ilregion interior to ring discussed

bv Chevalier & Dwarkadas (1995). Preliminary calculations by us show that there may be

a sufficient optical depth in N V,\1240 through this region along the line of sight to the far

side of the ring. The large deficiency of N V relative to X IlI I is therefore probably due to

resonant scattering of N V photons by N +4 ions in arid outside the ring. [his biases the

N V flux maximum and complicates its interpretatl_,U by introducing effects other than

light travel time and local recombination. In \iew of the uncertz'inties in interpreting the

N V light curve, we believe t"vzzt,,,_provides the best measure of the time of maximunl, t,_......

and we use this in our subsequent anah'sis.

4.3. EMISSION LINE TURN-ON

Figure9 shows the NIII]..X IX']. and N V fluxes up to day i20. All three lines appear

very abruptly, as predicted. There is also an ionization dependence in the turn-on tlmes.

N V appeared first, after day 70.2 and before day 80.6..X I\q appeared next. bo,ween

80.6 and 85.2 days..X III] appeared last. between 85.2 and 90.9 days. While it i_ pos_ibl_,

that N III] was present at a very weak level between day 70 and 85. the measurements are

consistent with zero flux based on the scatter before day 60. Since the semi-fl_Ibidden line_

are not effected by scattering..X IV], the next highest ionization _tate after .X V. should

closeh" track the inside edge of the ring. However. as discussed below isee also Fig. _i i_!

LF96). the .X V light curve is significantly affected by resonance scatterin_ which intro,,lute,

large systematic errors. ('onsequently we believe .X V is also inapt)ropriat,, for measurine

t...... We take tile sharp rise in the N I\] flux as tIw tllrn-oIl time and find t.._, - S:l _- 1

days (estimated errorl. The uncertainty in the turli-on linle is set bv the spacin_ ,,f th,,
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observations,and consequentlyt,is¢ may not be resolved in the I{E" data.

On the near side of the ring resonance scattering of N V by .N44 }oils in the ring and

any other intervening highly ionized circumstellar gas should delay the turn on of this line

compared to that of other nitrogen lines. Instead, the observations show an earlier turn

on of N V. The most likely explanation to this apparent inconsistency is the ionization

stratification of the ionized gas. The effect of stratification on the turn on of N V should be

larger if there is an H II region interior to the ring from which there also may be weak N V

emission. Another possible source of early N V emission is the bipolar nebula close to the

ring, but away from its equatorial plane where the nebuia may not be ionization bovnded.

This part of the nebula may have a lower density than the ring causing it to glow early in

N V. but not in other UV lines dl_,, to long recombination time scales.

4.4. HIGH DISPERSION SPECTRA

The first S\VP high dispersion spectrum of SN 1987A during the narrow emission line

phase was taken on 1987 Nov. 25 (day 275_ and used in Paper I. Nineteen additional high

dispersion S\VP spectra were obtained between then and day 1652. "Ihe obser_ations are

summarized in Table '2. Using standard IUESIPS high dispersion processing, extracted

spectra were calibrated using the flux calibration of Cassatetla et al. (1,_J94). which provides

an accuracy of about 4c7( with respect to low resolution spectra l,mgward of *-- 1-t00 ,-\ and

increasing by no more than a factor of two at shorter wavelengths. All the lines seen in

low resolution were also detected in high dispersion spectra taken near peak brightness.

However, only the N III] and C Ill] lines were 0etected over a sufficiently long time base

and with sufficient signal-to-noise to be able to discuss their evolution and compare them

with the low dispersion data.

[able "2 also contains the fluxes for C Ill} ,\,\1906.68, 1.908.73 and N III],\A17-t9.65.

1752.16. The other mernSers of the N till muhiplet were either too weak or. in the case of

A1748.61, badlyeffected by acamerareseau. Figures 10 and l l show the_pectra for these

lines. The line widths are consistent with instrumental broadening (I:'\VfI.M --, 0.1s .\ al

N Ill] and _ 0.20 A at (' III] I for tl,e time period where line widths are reliably measured

(up to day ---1000 for (' Iii] ).

The relative strengths of the (' Ill] and N III' |nultiplet components are well known

diagnostics of electron density I Nussbaumer & Schild 1!_79: Nussbaumer &" Storey 1!)?!}.

L: rington 1985i. In Pa_er I we showed that n, = 1 -- :{ , 1114crn -:_ at the tinw of !h(,

first high dispersion spectrum in Table "2 Idav 275 i. The la,rz_.r number of-_pe,'lra nt,w
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availablemakesit possibleto examinethe line ratios for evidenceof densityv'ariations.
Figure 12showsthe C III] ,_1907/A1909 and N III] )_1750/A1752 line ratios before day

1000. Calculated 119or/I19ou intensity ratio as a function of electron density are shown in

Figure la for three temperatures using a 6-level C Ill atom and recent atomic data. The

C III] line ratio of 0.8 4- 0.2 up to day 408, implies n_ = 4.7 4- 2.0 × 10 4 cm -3. assuming

Y_ _ 50,000 K. After --- 600 days, I_9or/I19o9 "" 1.,5 __ 0.4. The average electron density

for the C III] emitting gas decreases by a factor of ,-_ 3 or more from -, 5 × 104 cm -3

before ,-, 400 days to _ 1 - 2 × 104 crn -a thereafter, depending on T,. Near _ 600 days

7"_ --_ 30,000 K may be more appropriate, favoring the lower estimate of rz,. The increasing

uncertainty in the later data points makes the line ratios after --- SO0 days unreliable for

density analysis.

5. DISCUSSION

The absolute dimensions of the emitting region can be derived from the shape of the

I'V light curves with some basic assumptions about its geometry, mainly a circular tb,in

ring. For this purpose we summarize the main features of the recombination/cooling light

echo scenario. Hydrodynamic models of the breakout of the supernova shock wave through

the photosphere of the progenitor show that a strong pulse of soft X-rays is emitted with a

duration of a few hours (Shigeyama. Nomoto. & ttashimoto 1988: \Vooslev 198S: Shigeyama

& Nomoto 1990: Blinnikov & Nadyozhin i991: Ensman & Burrows !992;. The photospheric

temperature, and also the cadiation temperature, decrease from --- 106 K to --- 2 × 104 K

in about 12 hours. ]'he ionizing flux from the supernova is therefore exclusively emitted

during the first day. and in contrast to the interstellar visual light echoes, we can consider

the emission from the supernova as instantaneous. The soft X-rays ionize the circumstellar

gas on a time scale of hours, leading to highl3 ionized species like the observed N V, o"

even higher (LF91: LF96). At the same time the radiation heats the gas to temperatures

exceeding .-- i05 K. [he subsequent evolution of the gas, occurring on a time scale of weeks

to years, is determined by the coupled cooling and recombination of the plasma.

5.1. GEOMETRY

The recombination and cooling times are set by the temperature arid ¢t¢m,_i_\.

trec _ 1,/I (ir_'i'l_). S(.)gas at low density recombines and cools ori a longer time scal_,. -Ih,'

finite velocity of light implie.s that onlv a region bounded by the light echo paraboloid. <iven

by r = ct/(l - cosO), can be observed from the Earth at time t. Here r is tl'l_" distance from
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the supernova,t the time of the observation, and 8 the angle between the line of sight and

the direction to the emitting gas as seen from the supernova. In the case of a spherical shell.

with radius R,, the whole structure is seen after a time t_._- = 2Rs/c. while for a circular

ring tm=_. = (1 + sin i)R/c, where R is the ring's radius and i is the inclination of the plane

of the ring with respect to the line of sight (i = 0° is face-on). For ions which recombine

and cool slowly', the observed flux increases nearly linearly up to t,_. If the density is high

enough recombination octet: rapidly and the light curves of different ions reach maximum

simultaneously followed by decav on the individual recombination time scales. In the slow

recombination case the light curves will remain at a roughly constant level after maxinmm.

LF91 showed that for a spherical shell the gas was marginally optically thin in the

continuum. In the case of a ring geometry, however, the gas must have significant optical

depth in the EUV continuum because of the larger column density needed _o produce _he

same emission (LF96). If the ionization of the gas were radially cc_stant tas is probably

not the case), the light curves of medium ionization ions formed by recombination, like

N Ill, xvould be detaved with respect to those formed by photoionizatioi: at the _irne of the

outburst, like N V. However, from the outset the ring will be optically thick to ionizing

photons, resulting in a radial ionization gradient with several ionization zones t |,undqvis_

1992). Medium ionization ions like N III and N IV e_e created with high abundances

outside the N V - N VI zone. Models using a ring geometry are discussed in detail by

LF96, and are consistent with the observed light curves. The delayed turn-on of N I\i and

N III] (Fig. 8) relative to N V supports this model.

The HST images clearly resolve the ring-like shape of the emitting gas in line and

continuum radiation (.Jakobsen et al. 1991. 1994: Plait et al. 1995: Burrows et al_ 199.5).

While the extent of the region perpendicular to the ring plane remains to be determined by

modelling of the lines, there are additional indications from the IUE observations for a thin

ring geom_ try. The most direct evidence for this comes from the abrupt rise of the emission

line fluxes. As discussed in §4.1, we adopt the N IV] turn-on time it,,,_ = 83 + 1 days) as

the initial rise time. In §4.1 we also determined t,_=_ = 399 4- 1.5 days from the N Ill} line

The delay from an inclined circular ring is given by t ...... (1 -sin i)R/c. \Ve therefore have

R = c(t,,=,:+t,,,¢)/2 = 116.24±0.20) × 10lrcm. and sin i = c(t,_:-t,,,_j/2R = 0.656±0.039.

or i = 41°.0 4- 30.9. The inclination has also been measured from the HST I:'0(" images.

assuming a circular ring..lakobsen et al. ( 1991 i found i = 43° .4- 3° and Plait el at. ( 1995,

found i = 44.0 ° 4- 1.0 °. The agreement between these values shows that _he ring is nearly

circular (see also Gould 1994: Lundqvist 1994: ('rotts. Kunkel, ,t. Heathcote. 199,5_.

Our value of /-_ has direct bearing on the estimated distance to SN 19S7.-\ _lsit_ the

metho(i dovised by Panagia et al. (1991), and refined by (;ould (1991. 1'< _._.)._1. (;ould
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size of the ring in [O III] at t > 1200 days from Plait et al. (19951 gives a distance.

dsx < 46.77 + 0.76 kpc. Our slightly larger values of t_s_ and t_ and more realistic errors

translate directly into a larger value and uncertainty for the distance, a's.v = .18.6 ± 2.:2 kpc.

A more complete statistical treatment of the light curves and the time of maximum and

related sy'stematic errors affecting the distance to the supernova is beyond the scope of

this paper but is discussed by Lundq_ist et al. (1996. in preparation). We emphasize that

systematic errors may be significantly larger than statistical errors for several reasons.

For cxample, the method assumes perfect circularity of the ring. Ahhough this may

be a reasonable approximation for the overall geometry of the ring. there may be local

variations of the radius around the ring. In particular, a sm_ll in,yard kink or near-absence

of gas on the far side of the ring would give a smaller _,_ than for a circular ring. thus

underestimating dsN. Second. the structure of the [O III] ring at t > 1200 days was

probably different from the structure of the gas emitting Lhe I.V lines at t £ -100 days.

Indeed. LF96 found that the ionization structure of the ring changes dramatically in only a

few hundred days. The UV lines are somewhat more sensitive to temperature and somewhat

more peaked towards :he inner edge of the ring than forbidden line emission (e.g.. iO II[I ).

The analyses of Panagia et al. and Gould may be effected by a systematic error arising

from the assumption that the optical forbidden lines and ['V lines come from the same _as

(but not observed at the same epoch). Depending on the radial distribution of the density

in the ring. the [O III] structure could eith_,r have a smaller, or larger, mean radius than

the early !'V line emission. \Ve also point out that their analyses used UV line fluxes from

two independent reductions ilabeled GSF('and I'iIspa shown by Panagia et al. f 1991 ! of

the same set of spectra, thus the number of independent data points is too large by a factor
of two.

5.2. ABUNDANCES

The increased number of observations compared to Paper I. red_:ced measuremetlt

and systematic errors, and improved signal-to-noise ratios make it important to repeat

the abundance analysis. In order to convert the ionic ratios obtained from 1he line ratios

to elemental abundances, assumptions about these relations have to be made. More

specifically, in Paper I it was assun:ed that N/C = .X"III/C Ill and N/O = iN llI

N IV)/O III. The calculations by LF91 and LF96 show thai. because of a balanc(, of

recombinations and co!lisional ionizations, this is a good approximation until the d('cav of

the lines begin. After this epoch the gas temperature is too low fl_r collisional ionizatiott

to be important for (' III. N lIl. and O III. and the lines decay on their respective
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recombinationtime scales.Thesearequite differentfor the ionsinvolved,and consequently
the relationsabovebreakdown. Before,,_ 200 days the lines were weak and the fluxes

therefore uncertain. Consequontly, in this analysis we restrict ourselves to 200 < t < 500

davs. The collision strength,, are taken from Berrington (1985), Keenan et. al. (1986).

Btum & Pradhan (1992).

The extraction toward SN 1987A has been discussed in several papers and there is now

general agreement. Walker & Suntzeff (1990) have measured the reddening in the field

of SN 1987A by studying the (U - B) and (B - I,) colors of 23 early-type stars in the

vicinity of the supernova. They determine the reddening to be E(B - l),,ota,, = 0.17 ± 0.02.

Fitzpatrick & Walborn (1990) obtained optical and UV spectra of the LMC B0.7 la

supergiant --_2' from SN 1987A (cf. §2). They conclude that EIB- I')to,_z = 0.16 for

SN 1987A, with Galactic and LMC components of E(B - I')c;,_ = 0.06 (,4x from Savage

& Mathis, 1979) and E(B- I')LMC = 0.10 (,4x for 30 Dor from Fitzpatrick, 1985!. \V(.

adopt the Fitzpatrick & Walborn extinction toward Sk -69 ° 20:/ for SS 19S7A. File total

extinction correction factors for the six emission lines are listed in ]'able 3. In Paper I we

adopted E(B - I')to,,_i = 0.20, the extinction correction for which is also given in l-able :_

(E(B- Y)c_: = 0.06 and E(B- I)cMc = 0.14). The line luminosities are computed by

correcting for extinction and the distance to the supernova. Assuming isotropic radiation

and a distance of 50kpc, the dilution factor is 3.0 × 104r.

The ratios depend weakh, on the temperature, and in Table 4 we give the resulting

values of N/C and N/O as function of this parameter. In Paper I we argued that

T_ --_ 5 × 104K from [O III] observations (Wampler _" Richichi 1989) and lhe models in

LF91. [-sing this temperature we find that N/C = 6.1 4- 1.1 and N/O = 1.7 -i- 0.5, where

the errors are purely statistical. Accepting an (unrealisticalh- large) uncertainty in 7", from

104 K to 10s K, corresponds to a range in S/C of 4.7 - 15.7. The statistical errors in the

N/C ratio are therefore considerably less than the systematic. Because the lower limit is

N/C = 4.7. and a more realistic value is N/C = 6.1, the conclusions in Paper 1 on the large

nitrogen enhancement are unaltered. For comparison, LF96 derive .X/C = 5.0 ± 2.0 and

N/O = 1.1 4-0.4 from their photoionization/recombination model. Ihe two methods are

in good agreement.

There is a weak tendency for the derived N III/(' llI ratio to decrease with time. For

400 < t < 800 days we find N III/C 1II = 5.:/4- _.5 for J_ = 5 _ 10IK. The decreasin_

N III/(' III ratio i_ consistent with the expectations from the models in LF91. and justifies

limiting the abundance anah'sis to t <,%500 days. when N/(' = N IIl /(' III is a reasonable

approximation.

The nebular anah'sis has a number of limitations...\ nebular model gives a reliable
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estimateof the ionizationstructureundersteady-stateconditionsor immediatelyafter the
gashasbeenionized.As the ionizingradiationvzmishes,the ionizationstateevolve_away
from this structuredueto differentrecombinationtime scalesfor the differentelements(C.
N. and O). For example,at t,_ the part on the very far side of the ring can be roughly

explained by a nebular structure, but the gas on the very near side has had t,_,_ - t_is_

davs to evolve away from such a structure. Because the observed emission at t,_,_ is an

overlay of emission from different parts of the ring which have had different times to evolve

off the steady-state structure, a pure nebular analysis is bound to have some systematic

error. In contrast. LF96 did not have to assume an ionization structure for their models

since it and the temperature are calculated in a self-consistent manner. This results in

smaller systematic errors related to ionization equilibrium. Given these uncertainties, the

CNO abundance ratios in this paper and in LF96 are in good agreement. In ttle near future

spatially resolved spectroscopy of the inner ring with STIS on HST will make possib!e, this

type of nebular anatvsis as a function of position around the ring.

5.3. EMITTING MASS

_From the He II,\1640 line we can estimate the mass of the fie II emitting gas. i.e.. the

mass of He III zone. In order to avoid having to compensate for light travel time effects, we

evaluate the He II flux near day 400 so that the full volume is observed. Near t .... . - 100

days the observed He II flux was (9 _ 2) × 10-l'*erg cm-" s -1 (estimated uncertaintvt, and

the luminosity 1.0±0.2 × 10aSerg s-1. assuming E(H- I) = 0.16. The ttelI emissivity

does not vary much with time (LF91 and Fig. fie ). _o L,,_H _ [ 2,f/l 72) r_, t_tt. Iz_ dI.

where j_,_- is the effective emissivity of the \1640 line. In the He III zone t_H_zH _ t_H,_.

Furthermore. Wang (1991i finds that nH_/'rtH _ 0.2, and we find for the total mass of this

zone

M(He III) -_ 1.4 _ 10-" 2.6 x: l04 cm-:", .5 × 104K .11.. ,2_

This mass estimate only refers to the He III zone. As models by LF96 show, the total mass

of ionized gas can be several times larger. A better estimate of the emitting mass is obtained

from the Hd luminosity. Wampler & Richichi (1989) estimate LIH,, e) _ 1.t :_ [0:_4erg s -l

on day 310 (E(B- i'l = 0.16). Multiplying this by a factor 3/2. sinceonlv ---2/3 of lhe

total ring was within the lighl echo paraboloid at that time. and again using r_n, ,t_H m 0.2.

we obtain a total mass of the H II region

2.6 _ 10 _ cm -:_ 5 < [()_t'[,, .1I. ,31
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on dav 39,5.Becauseof the high temperature,both the He II line and H3 areaffectedby
collisionalexcitation. The massestimatesarethereforeupper limits to the actual masses.
(SeeLF96 for an estimate which takes these model dependent effects into account.) Our

estimates, however, suggest that the He III zone occupies _ :30_ of the total ionized region.

The first HST observations of SN 1987A were made on day 127S (Jakobsen et al. 1991 ),

and we can combine a mass estimate using H3 at this time with the observed thickness of

the ring to inter tile angular extent of the ring, _k0, perpendicular to the ring plane, as

seen from the supernova. From the [O II] and [N II] lines the density and temperature or

the gas were at this time r_, _ 1 x 104 cm -3 and T_ _ 1.7 × 10t K (Wang 1991: ('umming

et al. 1996). The flux in H3 on day 1280 was _-, 7.2 × 10 -1_ erg cm -2 s-" (\Vang _9911.

and the luminosity 2.2 x 10a4erg s-_ (for E(B- I) = 0. I61. The total mass was therefore,

4.3 x 10-2(n,/104 cm-3)-l(T_/1.7 × 104 I_) 0.91 M;. Although characteristic of a ,_tifferent

density component, this mass is not very different froln that near day 400..lakobsen et

ah (1.1911 estimate the thickness of the ring in the plane of the sky, ._XRj, _o ,-_ l(l!7{ of

the radius, or _ 6 × 101Gcm. Plait et al. (199,51 found a slightly Larger value. _ 15_5i.

Because later images obtained shortly after day -,- 25(10 using the ('OSTAR corrective

optics (Jakobsen et al. 1994i tend to favor the lower estimate of --- 10!_, we will _is_:,this in

our analysis. \\e note, however, that the emitting region could bare been somewhat more

extended at day 12_0 without contradicting the observations by Jakobsen et al. !199-11.

Assuming a volume filling factor within the ring, _, we get

1 × 104 cm -a 0.1 1.7 × 104K, t4i

This angular extent corresponds to a thickness along the line of sight, HI!,

"-XRtl 1 n_ -2 ( XR_,/R)-1 I; 0.9_--R-'_0'012e-(1 x 104 cm-a)\ _ , (1.7 ,7-{0"K) (.51

around day 1278. i.e., smaller than the radial extent I_ 0.1 R). unless e << 1. For dynamical

reasons we would if anything expect the radial extent to be smaller than the lateral. A

solution to this problem may be that the filling factor is considerably smaller than unit\'.

and/or that _R±/R << 0.1. The HST" [o III] images indeed show considerable structure

which may indicate e < 1 in the ring. However, it is difficult to se_" that it can be much

less than unity *f the ring is resolved in the most recent images (.lakobsen et al. 199-1 !.

unless the ring consists of blobs smaller than the H,5'T resolution. _0'.'1 (_ 7.5 * i(1 l_; cm a_

a distance of 50 kpc). These conclusions agree with those of Plait et al. (1!19.51 and LF.(}(;.
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5.4. DENSITY COMPONENTS

The line emission becomes dominated by gas of decreasing density because cooling and

recombination time scales are inversely proportional to electron density. Therefore. the flux

seen at earh, times is likely to come from gas of considerably higher density than at later

times (LF96). consistent with the order of magnitude decrease in 7_¢ derived in _i4.4 from

high-dispersion rUE spectra. This agrees n'ith optical results for [O 1I] at day 1280 by

Wang (1991) who finds n_ _ 0.7 × 10 4 cm -3. .__steady decrease in electron density n'as also

found by Plait et al. (199.5) when they analyzed HST [O III] images spanning the epoch
1278 - 2431 days. The emitting mass may therefore vary with time.

Additional iaformation about the density distribution can be inferred from tile low

resolution IUE observations. LF96 ,ind it necessary ,o inc!ude gas with election densities

down to ,-_ 6 × I03 crn -3 to explain _,he slow decline of the lines after maximum. Such a

distribution of densities in the emitting gas is expected from hydrodynami,, simulations

of the circumstellar structure of SN 1.5_,.\ (Blondin & Lundqvist 1993,, which show that

the highest densities are found close to the ring plane. i-hey also find that there is a large

amount of low density gas both in and out of the plane, possibly accounting for the gas

causing the resonance scattering of .N V,\1240. If the Ion" density gas is ionized up to N V

and higher, and has a density of :_. 2, a fen' x l0 _ cm -3, this may also give rise to a weak.

steady line emission, as predicted by LF91. They argued that such emission should be

the sign of the inner parts of theunshocked redsupergiant wind. In the interacting winds

scenario (e.g.. Blondin & Lundqvist 1993: .Martin & Arnett 1995}. the emission could also

come from the shoclced red supergiant wind (LF96) or perhaps the H Ilregion interior _o

the ring !Chevalier & Dwarkadas 1995i. "[he increasing importance of density components

with n_ g 10 4 CFI1-; after --, i000 days is consistent with the observed decrease in electron

density inferred from density-sensitive line ratios (C Ill]. §4.4) and the optical [O Ill and
IS II] lines (Wampler et al. 1989: Wang 199I: LF96).

There are also some theoretical indications for gas with r_, ,g .t :,, 104 cm -:5. LF96 mode]

three components with different densities and find that the bulk of the (' III] emission at

f ,% 400 days originates in their highest density component {n_ --- 4 _ 10_ crn-_), i.e., close _o

what we derive in §4.4. It is likely that there is a continuous range of densities rather than

components with a few discrete densities. The component with n_ _ I × 10 4 cnl -:_' ill ].F,q(i

therefore represents a mean value at the high end of this range, indicating the existence of

gas with even higher densities. The scatter in the N IV] light curve is con,_iderablv larger

during the first 400 days than at later times (Fig. 6el. which may be a further sign of

components with n¢ >_-t _ 104 cm -a. Because recombination from N IV to N lll is rapid.

and collisional ionization unimportant, the emissivity of the X l\J line declines rapidly with
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time at a givenpoint in the emitting gas(see Fig. 2 of LF91). Therefore, the flux of the

N IV] line is not severely smoothed bv the light echo. and responds rapidly to changes in

the density of material being swept up bv the light echo paraboloid. When higher density

gas is encountered, the result is a momentary increase in the observed flux. and may thus

explain the fluctuations. Fluctuations due to density variations around the ring decrease in

importance when the full ring is seen and only' recombination is important. The narrow

spikes in N V and N III] between days 350 and 500 (see Fig. 6) are also probably due

to higher density gas and the "arcsine' shape of the light curve characteristic of a ring

geometry (e.g.. Fehen & Dwek 1991: Lundqvist 1991).

There is also evidence for density structure in the gas after maximum, especially in

N III] and N V near day 900 to 1000. These fluctuations indicate that there may be regions

of high density ,-_ 2 - 3 times further away from the supernova than the ring radius. (]his

flux increase might also arise from the outer rings, as discussed in §4.1. ) Several groups

have detected blobs in the optical and near-infrared which may be responsible for these

fluctuations. Allen et al. (1989) cietected a concentration of He I 1.083 t_m emission, and

they estimate a gas density of --_ 105 cm -3. Extended He I 1.08:1 /_m emission was also

observed bv Elias et al. (1993). Crotts. Kunkel. & McCarthy (1989) and Hanuschik 11991)

detected Ha blobs on days 750 and 9,50. respectively, and Cumming ,_ Meikle (1993) found

evidence for a high density blob with short life time on day 1344. Cumming & .\Ieikle

estimate that the gas density in the blob has to be (1 - 2) × l0 s cm -_ and argue that it

may be accounted for by the high density regions forming off the equatorial plane in the.

hydrodynamic models by Blondin _v Lundqvist (1993).

5.5. COMPARISON WITH MODELS

Comparison of the observations with a realistic, self-consistent

photoionization/recombination model of the circumstellar ring is necessary to test

the interpretation of these data. Such a model includes solving the coupled, time dependent

equations for temperature and ionization: separating these two aspects leads to an

unphysical model. Knowledge of the emissivity as a function of _ime and position makes it

straightforward to incorporate the light echo effect. "['his was first (lone bv Lundqvist &

Fransson (1987), and later by Fransson _" Lundqvist (1989) and LFgl. In those models it

was assurned that the emission originated in a spherical shell of density 2.6 >" l0 '_ cm -:_. For

the ioni_'ing burst at breakout two SN 1987A explosion models were used. the' 10k model

by Woosley (1988) and the llE1Y6 model by Shigeyama et al. (1988). Qualitativeh,

both outburst models reproduced the observed relative line strengths surprisingly ,,'ell.
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consideringthe lackof freeparameters.The calculationsagreefairly well with the rapid
increaseof the N III] and N V lines,andthe nearlyconstantflux in the N IX,']line during
the first ,,-400days.ThesteadyHeII flux wasfoundto bea resultof collisionalexcitation.
The modelof LP91basedon Shigeyamaet al.'s llE1Y6 spectrumprovidedthe best
agreementwith both the behaviorof the U\" linesand the gastemperature,asdetermined
from the [O III] _M363/(4959+ .5007)ratio. Theharderburst spectrumby Shigeyamaet
al. wasthereforefavored.

A closerexamination,however,revealsseveraldeficiencies.Calculationsusingboth
the 10Land llE1Y6 modelsproducedtoo rapid an increasein emissionflux. especiallythe
N V line. whichrisesalmostlinearlywith time (Fig. 6a). As discussedbv Lundqvist (1994p
and LF96. this maybe the result of resonancescatteringof the N V line. not includedin
the early models. LF96alsofind that the slowdeclineof the .NV line maybe a result of
resonancescatteringin gasexternalto the ring. Tile sca'_toringgascouldextendasmuch
as-,_1018cm awayfrom the ring plane. The fact that the maxima of the N III]..N IVJ.

N V and C III] lines are all observed to occur at nearly the same time poses a more serious

problem for the LFgl models, which in contrast show the .X lll_ and C III] lines i:_eaking

considerably later than .X V. In addition, the optical [O IlI_ lines show a persisten_ emissioi_

up to -,, 1500 days, in contrast to the early models.

There are two important factors not taken into account in the first models which

probably account for these discrepancies. As acknowledged by LF91. the assumption of only

one density component is artificial, and the observations clearly indicate that this is not

true. A combination of density components, or more realistically a continuum of densities.

ranging from r_ ,-- 6 × 10a cm -3 to at least n¢ --- 4 × 10 4 cm -:_. gixea considerably Better

agreement, as demonstrated by LF96. However. such a distribution cannot be specified

in a unique way as it depends on the detailed structure of the ring. The other important

assumption in LFgl was that of a spherical geometry. A toroidal geometry changes the

light curve, when integrating over lhe light echo paraboloid, as discussed by Lundqvist

(1991), Luo (1991) and Dwek & Felten (19921. A generic feature of a ring model compared

to a spherical shell is the rapid rise in the observed fluxes close to maximum light. This

basically reflects the amount of emitting gas swept up by the light echo paraboloid per uni_

time. Even more important, the larger radial thickness required Eva toroidal geometry

also implies that the ionized gas will be optically thick in the EI'V continuum..ks already

explained, the ionization will then be stratified radially, with several distinct ionization

zones (Lundqvist 1992: LF96). The consequence for the light curve is _o give nearl\

simuhaneous maxima for the different ions. as is observed. In addition. Ensman & Burrows

(1992) find that the ionizing spectra used in LFgl are probably too ._o[1. a,- was also pointed

ollt in LF91. Ensman & Burroxvs find that the SN spc'ctrumat t_reakout will have a high
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energytail due to electronscattering.Ensman& Burrowsalsonote that light travel time
effectssmooth the time variationof the spectrum,asmayalsobethe caseif the progenitor
wasnon-spherical(seeLundqvist1992for a moredetaileddiscussioa),t[owever.LF96find
that this effectis unimportantfor the ionizationof the ring.

In summary,the light curvesare fully consistentwith a circular ring geometry,both
from the rapid risecloseto maximumlight seenin tee N III] and N V lines,the turn-on
time of theselines,and the near-coincidenceof the light curvepeaks.A ring geometryalso
makesit easierto understandthe low expansionvelocity.--, 10 km s--1(Luo & .\lc('rav
1991:Blondin & Lundqvist 1993).The originof the ring. however,remainsobscure(e.g..
Podsiadlowski1992for a review).The high N/C and N/O ratiosput strongconstraintsoil
the ring implying that it must havebeenformedafter the dredgeup phase.An interesting
proposalbv McCrav& Lin (1994)explainsthering asthe resultof the gradualevaporation
of a circumstellardiskaround the progenitor.Theyexplainthe nitrogenenrichmentasa
result of gradualsprayingof the innerboundaryof thediskby the redsupergiantwind. Any
model for the formationof the ring must alsobeableto explainthe outer ringsobserved
bv \¥ampleret a!. (1990).Wang& Wampler(1992).Burrowset al. (1995)and Plait et
al. (199.5).The interactingwindsmodel (e.g.,Luo & McCray1991:Blondin & Lundqvist
1993)maydo so.asdemonstratedqualitativelybv Martin & Arnett t1995),and somaythe
modelby Lloyd. O'Brien.& Kahn (1995).Theinteractingwindsmodelcanalsoaccountfor
the continuumobservationsof Crottset al. (199,5)(Martin & Arnett 1995).and the hot gas
responsiblefor the resonancescatteringof the N V line (LF96). However.the high density
of the outer rings,a few 10acm -3 (estimated by LFg6) suggests that the interacting winds

model needs some adjustment. An interesting extension is that of Chevalier _,: Dwarkadas

(1995). They assume a lower mass loss rate during the blue supergiant stage, implying that

photoionization by the progenitor is important during the shaping of the nebula. A test of

the models for the formation of the observed structure around SN 1987A wiil be possible as

the supernova ejecta strikes the ring shortly after the year -,_ 2000 (e.g., Masai & Nomoto

1994: Luo, McCrav, & Slavin 1994: Chevalier _ Dwarkadas 1995: Borkowski. Blondin ,k"

McCray 1996).
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Table 1. Emission Line Fluxes for SN 1987A (Tircumstellar Ring

SWP a d Integrated Flux (units: 1 × 10 -__ erg Cnl-" iDate b texpo c Vcorr - S-1

(days) (man) ("kin/s) N '¢ 1240 N iv] 1486 He I11640 O lt_ 71666 N III![750 CI!I] 190S

30440 11.3 300 -257 5 13 "2 •• • 1 . - -

30472 14.0 180 46 14 -7 1-t - -. 4

30512 18.3 240 -46 "2 -9 - i 17 --. 6

30522 19.1 t81 591 11 -t -2 7 16 -,l

:30547 21.:3 240 111 6 .... 2 17 10 .5

:30592 27.3 300 - 125 3 7 19 -"2 (i . ,_

30637 :33.1 185 - 106 "2 10 1S -5 -t ,5

30743 44.2 '2"25 53 -t 21 4 (i 1 '2

30907 70.2 2:30 1(5-I 7 4 26 !9 11 7

:30974 S0.6 120 :30:3 55 2 -t9 - • - 12 ] 1

31000 85.2 180 -37 05) -t5 70 12 17 >

:31040 90.9 195 2:3:3 64 1i4 33 :/.5 29 !7

3106.1 96.3 180 199 84 101 74 12 7(; _;

31125 105.8 200 -7 105 77 55 27 117 I:{

•311:32 107.8 195 42 92 9.5 (i7 42 109 6

:]11,54 110.S 180 -154 144 107 5-1 (i8 11:3 27

31166 I13.0 180 -8:3 107 108 70 50 8S 25)

:31245 121.7 260 S 98 1.55 13 66 90 9!

:11273 128.0 240 111 98 131 7.5 66 1.()1 3b

31319 1:18.5 2-t0 7 115 16:1 9"2 75 170 70

31371 147.0 240 130 159 117 91 6.i "215 7,'<

31,t20 I54.5 240 280 163 l-ll 116 9-1 207 72

:31462 160.9 2,10 1"2'2 110 139 85 139 190 53

31534 168.5 220 :396 150 117 7,q _5 '_)65 ,_,,',

:11592 177.7 2.10 2-1:1 186 l:16 .93 _4 ls3 .X"

31651 l"boA 210 -282 146 92 95 1il 222 !)-i

31676 188.8 2-t0 - 1151 147 1.57 60 13{1 2:1:_ X

31819/1_' 198.9 240/90 -32/173 163 1S6 fit l(J', :102 I06

:1189:] 209.6 200 --101 175 1S1 75 !t3 2(i_ I l()

31954 220.3 200 -926 131 14,', 71 ')!) "26-) fill

32030/.71 227.7 240/90 - 142/-34 / 139 177 110 155 .7,'q) I0 l

32168 2-15.5 15.5 520 ............ :1.13 Itl2
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Table1--Continued

SWP_ Dateb

(days)

texpo c

(rain)

VCOrT d

(hn/s)

Integrated Flux (units: 1 × 10-1'_ erg cm -2 s -t)

Nv 1240 N p.'] 1486 He II 16,10 O III] 1666 N III] 1750 C IlI11908

32219/20 252.6 240/80-352/-370 176 126

32314 263.4 235 46 215 161

32395 275.8 90 -500 ......

32404 276.6 240 -98 234 221

32532 296.2 240 -212 223 214

32619//20 305.5 240/'80 -493/-236 23:3 "20'2

32717 324.2 190 -.114 291 141

32797 :338.-i 210 -189 322 170

32879 :349.5 7.5 -45 ......

32911 355.1 212 -170 335 19S

32935 :360.0 1S0 -591 349 I71

3:3035 375.:3 240 85 :379 197

33105/0,_ 388.0 240/70 5/-2Ii :375 211

33175/76 -I00.3 210/90 S5/- 2)92 464 195

33280 416.0 200 621 49_ 151

33331/32 423.2 240/7.5 135/- 186 38:3 202

33423 433.6 80 -40 ......

3,7492 440.6 80 34,5 ......

33497/96 441.9 240/70 3/292 :385 152

3351q/_)0 445.1 210/30 --17S/I62 418 170

3.3644 .158.3 ,'_0 72 ......

•?3 72.5 t 71.-t 80 326 ......

:33742/41 473.8 235/50 103/44 3.18 121

33799/800 485.0 240//80 145/i53 561 13:}

:3:3869 -198.7 195 - 1:12 :}-t3 t 30

33937 510.9 240 220 :30:) 113

:33967/66 518.7 251/90 172/ 336 272 109

3-1057/58 532.9 240/_,'6 172/ -l£.¢ 31.1 llS

:)4088 538.5 200 347 267 111

:342:t2 567.5 200 115 2-15 105

3-t441 59:3.5 150 -200 1!t.t ...

34640 615. _ 240 - 28:t 203 52

90 85 .723

9:3 94 X

....... ?2 I

96 97 X

_o 145 X

77 1:32 } ''• 4 q

-.. 111 3li

10S 116 111
J ) '...... ._u 0

76 .% l 1.1

6(1 ' -9 _ 12,5

116 127 X

114 126 .;:_2

S-1 149 142

110 172 511

80 17:3 _4,;

....... _._,_

...... 5.31

79 137 .i0,;

98 131 362

] ")-)

....... _2,;

73 119 3[;7

q-_:) 11t 327

S-I 1-t7 :I30

511 1116 :121

1I2 1:16 361

95 ",_ 26(i

75 !)9 2!_1

'.:6 !)'2 270

...... I! Hl

t0 !_'_ 22._

X

1d5

X

X

177

11-1

X

162

137

111

X

dot;

I99

197

i_I

" S]1_

1 76

202

21.5

211

21 i

115

X

z;.;

12 ?

120

1(}3

1011

Ill



• "3

Table 1--Continued

SWP a Date b

(days)

texpo c

(rain)

"_'COrT d

(km/s)

Integrated Flux (units: 1 × 10 -!s erg cm -2 s-ll

N v 1240 N Iv] 1486 He I116.10 O lI:j 1_66 N ilr] 1750 C IIt] 1908

34751

34871

35126

35308

35505

35686

35822

35940

36171

36258

36279

36539

36578

36676

36801

36968

37062

37088

37236

37424

37574

37798

37973

38055

38172

38307

38336

38536

38866

39300

:39757

40002

632.7 240 -400 197 61 8.5 72 2"2"2 100

650.7 163 -502 203 ...... 104 213 S9

670.7 180 -691 190 63 77 114 167 94

686.5 220 -:332 238 74 65 67 184 99

714.3 220 -453 187 62 54 87 [70 65

740.3 240 114 176 24 24 73 9-1 70

7.55.1 183 33 182 ,18 33 74 119 106

771.'2 260 -29 152 ,55 ,55 50 112 66

796.2 210 59 l:35 6:1 t0 ... 123 7t

809.9 '2'22 136 1.59 21 4.5 87 1:/1 19

813.2 260 267 143 68 5-t 5.5 129 50

$44.0 260 !)6 1:3-t 25 t8 52 99 -t5

_oa._ 310 0 142 35 51 -.- I06 5-1

870.9 260 141 151 28 47 87 i01 :/3

893.9 260 93 129 18 44 55 120 .58

928.5 270 89 1:37 7 28 44 67 -13

936.5 230 -18"2 119 1 :/4 70 102 48

938.8 300 218 i15 1 42 54 121 54

951.5 263 873 89 :3 36 55 85 26

970.7 230 -:359 103 .5 46 :19 108 17

992.6 300 - 501 122 9 .51 5.5 91 .52

1021.6 309 - 4"2"2 82 42 t-1 .51 6-t 62

1049.5 285 -314 99 33 69 56 6:1 3!I

1061.1 280 -7.18 92 -9 19 60 !1,5 :12

1081.3 ')_"_8o -332 101 ,t 11 12 69 7s

1105.3 285 --124 1:1.5 20 .5 i:/ IS 19

1112.0 275 -414 11.5 -3 24 -1-t .5(I :13

1137.2 285 90 89 7 4 .57 .51 3,1

1186.1 285 -152 80 lS !3 •2"2 2-I 3-1

1247.0 285 -6 .50 10 35 5.5 '2_ 23

1317.7 265 -287 90 -11 _; l0 :1,5 I!_

1:144.7 270 -550 65 -10 53 5- ;0 10
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Table 1--Continued

SWP _ Date b texpo c Vcorr d Integrated Flux (units: 1 × 10 -1' erg cm -2 s-tl

(days) (rmn) (km/s) N v 1240 N Ix'] 1486 He !11640 O II:_ 1666 N II:l 1"'50 C :Ill 19OS

10275 1380.5 280 -491 43 6 2:1 25 '2x 9

40858 1449.:3 2_0 -4"2'2 4 '2 :1 25 19 --.

41179 1490.4 310 -110 17 -5 "2 2.5 16 I1

41802 1566.0 290 198 20 -'2 ..- 20 10 :l

42174 1623.0 270 -:372 46 10 32 26 "2 1,5

4:3049 1719.6 3-10 -:307 :37 -10 3 2"2 2 .5

43393 1755.6 340 -255 21 1 9 10 11 --t

44017 1820.-t 340 -678 43 10 -3 "25 _ 7

44142 1840.3 360 -405 17 :3 -3 24 ,5 -1

44442 1S8"2.2 270 -.577 I8 19 5 28 9 i

_SWP image number. On thirteen dates two images of different exposure times were taken

consecutively to obtain good-quality spectra of all six lines. Data entries corresponding to

exposures shorter then 100 minutes are given in italics.

UObservatiou date. measured in days from the IMB neutrino event, 1987 Feb. 2:/.:/16 (Bionta

et al. 1987).

':Exposure duration in nlinutes.

d(,ross_correlation velocity correction !see ,_3.3).

oX denotes that the raw spectral data is saturated at this wavelength.
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Fable2. High DispersionC III] and N III] EmissionLine Fluxes

SWP Date_ t,_>; b " ': ,/" 190r F1909 c F1.4_, F17.52

32394 275.544 450 6.277 7.085 15.8-1 12.63

32983 367.110 540 7.51:/ 9.318 19.64 12.72

33215 408.167 880 7.924 9.832 2:/.76 15.12

33536 448.026 900 11.973 7.996 22.17 14.53

33810 487.901 850 7.139 5.:111 1>.96 9.8.4

:14024 528.874 952 6.790 5.560 16.25 12.52

34420 590.622 760 6.229 4.578 14.07 S.-t3

:34870 650.340 612 8.094 5.099 i0.57 5.72

35577 726.232 925 5.6:14 3.:530 12.69 6.15

35929 771.117 6:30 -t.:/03 :3.468 • -. 6.90

36:/99 8:34.004 880 6.821 3.311 9.96 7.59

36891 917.794 945 3.234 2.897 5.-18 :/. 10

37297 960.701 975 3.236 1.567 8.05 3.44

37805 1024.533 970 2.512 1. t81 17.3-1 3.57

38230 I096.065 610 2.576 1.372 5.42 2.69

3909:3 1208.039 965 1.623 0.907 6.66 5.04

:19644 1300.799 9:/0 1.803 0.95t 5.95 :1.29
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Table2--Continu_,[

$WP Date_' t_o _ F19o:" F19oo_ F_:4¢ I:'1_:,_'

.t026S :380.515 1010 1.589 1.071 ... 2.bl

41316 1505.059 625 0.S6.5 0..545 3.27 2.3.5

-t2370 1651.7$7 960 0.508 0.25:3 3.$t 1.73

_Exposure mid-point measured in days since 19S7 Feb. 54 :t!6 l'l

bExposure time duration in minutes

Clntegrated line flux in units of 1 '_ 10 -14 erg cm-: s-_

L
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Table a. Extinction Corrections

Line E(B-V)=0.16 _ L35 b E(B_Vt=0.20 _ L:35 b

N V _\1240 5.75 1.73 9.32 2.80

N IV] )_1486 4.18 1.25 6.19 1.86

He II A1640 :3.76 1.13 5.:34 1.60

O III] )_1666 :3.68 1.10 5.20 1.56

N III] J\1750 3.61 1.08 5.08 1.52

(7, IIl] _\1908 3.59 1.08 5.01 1.50

"_Extinction correction for observed flux

bLine luminosity in 103serg s-I per unit flux of 1 ,'

10 -13 erg cm -2 s -1 . assuming d = .50 kpc and the indicated extinction

Table 4. CNO Abundance Ratios

7_ 10 4 R N//( ' Error .N/'O Error

1.0

_.0

5.0

10.0

15.7 2.9 1..4 0.3

9..1 1.7 1.5 0. l

(i.1 1.1 1.7 0.5

-t. 7 0.9 1..', 0.5
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